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Abstract 
The progressive automation and consistent rationalization in production of automotive components requires the use of new sheet materials as 
well as innovations in press and tool technologies. Sheet metal forming is getting more and more complex. Thus several structural defects like 
thinning, cracks and creases as well as geometrical imprecisions due to spring back may occur. At the same time, consumer demands are rising 
concerning product quality and value for money. Therefore optimized processes and efficient methods of quality control are required. As the 
main objective a 100%-in-process quality control throughout the process chain is demanded in press shops. The aim of the experiments 
presented here was to detect structural faults in formed body components. Thinning is often considered a failure criterion in the metal forming 
industry. At high-strained parts even cracks may develop as a result of excessive structural thinning. Especially in advancement of high-
strength steels, edge cracking may be a significant failure mode in many sheet metal stamping processes. Furthermore research activities were 
focused on the quality of formed threads: their presence and accurate shape.   
Inline measurements by the help of electromagnetic and micromagnetic NDE techniques offer the opportunity for online measurements of 
physical parameters while feeding acquired data into calibrated regression models. Therefore changes in mechanical material characteristics can 
be predicted for ferromagnetic magnetorestrictive materials and failures can be discovered. Eddy current testing in conjunction with 
multivariate analysis methods have been used for quality control on formed body components. The method proved to be suitable to discover 
cracks and, in some cases, thinning. The results show a significant correlation between eddy current signals and critical amounts of thinning. 
Future research may investigate how to develop these testing methods for inline control.  
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of “9th CIRP ICME Conference". 
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1. Introduction 
Sheet metal forming is an efficient and economic 
production process for the mass production of automotive 
components. Progressive automation and consistent 
rationalization requires the use of new sheet materials as well 
as innovations in press and tool technologies. Sheet metal 
forming gets more and more complex. In many cases 
functional elements such as formed threads are shaped 
concurrently with the forming process. Thus, several 
structural defects like thinning, cracks and creases as well as 
geometrical imprecisions due to spring back may occur. 
At the same time, consumers demand better product 
quality and ever more value for money. Therefore optimized 
processes and efficient methods of quality control are 
required. As the main objective a 100%-in-process quality 
control throughout the process chain is demanded in press 
shops. 
The aim of the presented investigations was the detection 
of failures on formed body components. Thinning is often 
considered a failure criterion in the metal forming industry. In 
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high-strained parts even cracks may develop if nothing is 
undertaken to stop material thinning. Especially in 
advancement of high strength steels edge cracking may be a 
significant failure mode in many sheet metal stamping 
processes.  
Inline measurements by means of electromagnetic and 
micromagnetic NDE techniques offer the opportunity for 
online measurements of physical parameters while feeding 
sensor data calibrated regression models. Therefore changes 
in mechanical material characteristics such as hardness, yield 
strength, tensile strength, mechanical stresses as well as 
changes in electrical conductivity and magnetic permeability 
can be predicted for ferromagnetic magnetorestrictive 
materials and failures can be discovered.  
Eddy current testing in conjunction with multivariate 
analysis methods have been used for quality control on 
formed body components. The method proved to be suitable 
for detecting cracks and, in some cases, thinning. The results 
show a significant correlation between eddy current signals 
and critical amounts of thinning. Further research could 
investigate the advancement of the testing methods for inline 
control. [1, 2, 3] 
2. Test setting 
2.1. Eddy current testing 
Former investigations carried out by imq GmbH and 
Fraunhofer IWU showed that the eddy current technique is 
suited to detect changes in material state and geometrical 
material properties such as thickness. Eddy current systems 
are fast, reliable and easy to integrate into production 
processes. Eddy current systems are suited for in-line testing 
at production line speeds. In addition to enabling 100% of 
production components to be inspected, eddy current testing 
helps to monitor production processes and identifies 
differences and mismatches in the production line. 
During the forming process, the structure of treated 
material will be changed especially in the strongly formed 
areas. In order to detect material thinning, a multi frequency 
eddy current device for structure testing has been used with a 
tactile probe (eddyvisor®, ibg Prüfcomputer GmbH). The 
probe has a diameter of 50 mm.  For the preventive multi 
frequency method (MFWT) up to 8 frequencies can be used. 
In addition to the eight fundamental test frequencies, two 
harmonics (2nd to 9th harmonic selectable) for each test 
frequency can be turned on and simultaneously evaluated 
without increasing the test time.  
For correct calibration, only parts with sufficient properties 
can be used. During calibration, eddy current signals of 
known reference parts are recorded. Subsequently, a typical 
material locus curve develops. This curve shows the different 
material characteristics and allowable scattering of the known 
OK parts. Eddy current signals of tested samples were 
compared with the created material locus curve and a 
separation value was calculated. Thus unexpected deviations 
could be recognized and corrected. Test reliability is 
significantly higher compared with single-frequency testing. 
The frequencies in the current investigations were 10 Hz; 
25 Hz; 60 Hz; 150 Hz; 250 Hz; 4 kHz; 10 kHz and 25 kHz. 
For detection and visualization of thinning and cracks, a 
second eddy current system has been used (ELOTEST BS320, 
Rohmann GmbH). Tactile absolute probes have been used 
with testing frequencies of 50 kHz, 500 kHz and 1000 kHz. 
The eddy current signal has been optimized and the lift off 
signal has been adjusted to the negative x-axis. The imaginary 
part of the eddy current signal was recorded with respect to 
the measuring position.  [4, 5] 
2.2. 3MA method: micromagnetic, multiparametric 
microstructure and stress analysis 
The 3MA method is a non-destructive testing technology 
which is able to detect and describe changes of material 
characteristics qualitatively and quantitatively. 3MA can be 
used to investigate all ferromagnetic materials. 3MA is a 
combination of four different measurement methods: multi-
frequency eddy current, incremental permeability, harmonic 
analysis of the magnetic field and Barkhausen noise.  
After appropriate calibration, many target variables can be 
determined nondestructively: hardness, mechanical 
parameters of the tensile test (Rm, Rp0.2, Re, A50, etc.), 
residual stresses, austenite grain size and other. 3MA provides 
quantitative values of these features, both from the surface 
and from the interior of the material. For many applications 
3MA can be applied automatically and contactless. As a 
process-integrated inspection tool for monitoring, controlling 
and managing product and process quality, 3MA is used in 
industry, mainly in the production, forming and heat treatment 
of steel [6, 7].   
For the application examples presented in this paper, the 
3MA method has been used for the detection of thinning. 
Measurement settings are provided in table 1. 
Table 1. 3MA settings 
Global Magnetization frequency 100 Hz 
Harmonic analysis Magnetization amplitude 25 A/cm 
Barkhausen noise Magnetization amplitude 35 A/cm 
  Low pass 1000 kHz 
  Gain 5 dB 
  Phase  55 ° 
Permeability Magnetization amplitude 40 A/cm 
  Eddy current frequency 100 kHz 
  Gain 1 / Gain 2 27 / 12 dB 
  Phase (eddy current) -162,6 ° 
  Phase (magnetization) 60 ° 
Eddy Current off --- --- 
3. Experimental investigations 
3.1. Detection of thinning 
In order to emulate the thinning process, tensile specimens 
have been produced according to DIN EN ISO 6892 and 
treated at defined different levels with the help of a machine 
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for tension tests. Tests with TiraTest 28100 were carried out 
in the range of 0 % to 30 % (7 specimens) and 25 % to 35 % 
(10 specimens), see Fig. 1.  
The material used was a steel H260 BD with a thickness of 
2.0 mm. Changes of metal sheet thickness have been 
investigated by eddy current technique and by 3MA method. 
 
Fig. 1: Tensile specimens 
3.2. Detection of cracks 
Crack detection has been carried out by means of cupping 
test samples where steel sheet thickness had decreased and 
cracks had started to appear in the thinnest most deformed 
areas. For crack detection an absolute probe was used with a 
test frequency of 1 MHz The probe was automatically set into 
the right measurement position by a CNC positioning system, 
since it is important, that the probe is perpendicular to the 
surface.  
4. Results an discussion 
4.1. Detection of thinning 
During the experiments it was shown that there is a high 
correlation between elongation and narrowing of the 
bleaching thickness which can be detected by an appropriate 
measuring system. The sheet thickness as well as the strain 
can be measured within the gauge length of the tensile 
specimens with the 3MA method, see Fig. 2.  
 
Fig. 2: Non-destructive determination of sample thickness within the 
measuring length of tensile specimens with 3MA; max. elongation 32%; low 
sheet thickness differences are measurable  
 
 
Fig. 3: Maximal narrowing of thickness with increasing elongation during 
tension (reference measurement with micrometer caliper) 
Maximal narrowing of the tensile specimens was measured 
by micrometer caliper in specimen which showed maximal 
decrease of thickness. Results are shown in Fig. 3. The tensile 
specimens at elongations of 33 % and 34 % were cracked. 
A comparison of results of 3MA measurements for the 
maximal narrowing of thickness with increasing elongation in 
the range of 26% up to 32% and real thickness measured by 
micrometer caliper is shown in Fig. 4. The 3MA - method 
provides a good correlation to the reference values. 
 
Fig. 4: Results of 3MA measurements for maximal narrowing of thickness 
with increasing elongation during tension (max. 32%) 
The sample was 2.5 mm thick, so for the measurement 
with a multi-frequency eddy current system, the test signal 
was calibrated to a value of 2.5 mm thickness. Thereafter, the 
separator values were determined by measuring the deviation 
between the signals received from the tensile specimens 
compared to the signal of the starting sample. For a significant 
correlation between separator and thickness a calibration 
function can be found. Fig. 5 shows results for the 
dependence between the separator number and the sheet 
thickness of the investigated tensile specimens in the area of 
maximum deformation (probe frequency range 25 Hz to 
250 Hz). For this series a significant correlation can be found 
for a frequency of 25 Hz in range of 2.25 mm down to 
1.80 mm. Thereby a maximal decrease of thickness of 20 % 
can be detected. Even better results were obtained in the 
second series. Here a significant correlation can be found for a 
frequency of 120 Hz in range of 2.25 mm down to 0.80 mm, 
see Fig. 6. 
The 3MA - method thus shows a direct correlation of the 
measured results with an elongation value or sheet thickness 
value. It must be noted that the determination of the 
interesting area is carried out by a calibration function. For all 
relevant conditions such as plate thickness or strain values the 
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system must be trained at defined samples. The MFWT - 
Systems also allows a correlation of OK and not OK states. 
The decision to set limitations depends on the definition and 
use of a reference quantity. In this case it is sufficient that the 
set keeps OK samples.  
Both methods show that the target variables are measured 
in the region of interest and relationships between the 
mechanical and technological properties of the magnetic 
measurements were found. 
 
Fig. 5: Multi-frequency eddy current method; dependence between the 
separator number and the sheet thickness of tensile specimens in the area of 
maximum deformation; probe frequency range 25 Hz to 250 Hz 
 
Fig. 6:  Multi-frequency eddy current method; dependence between the 
separator number and the sheet thickness at milled sample plates (plate 
thickness between 2.25 mm and 0.63 mm) 
4.2. Detection of cracks 
Fig. 7 shows the cupping test sample and Fig. 8 shows the 
corresponding eddy current signal measured in discrete 
positions across the formed area.  Testing frequency was 
50 kHz. Thinning was found at positions 6, 8, 11, 12, 13 and a 
crack was found at position 7. The results of 3MA method are 
given in Fig. 9.  
 
Fig. 7: Cupping test sample with thinning and crack 
 
Fig. 8: Eddy current signal in discrete positions across formed area; absolute 
probe, test frequency 50 kHz 
 
Fig. 9: Results of 3MA method vs. measurement by micrometer caliper 
Both methods were able to detect material thinning. 
However, the crack was not detected when using the 3MA 
method.  
To further confirm the results, alternative investigations 
were carried out on real components. Fig. 10 shows the value 
sequence of the complex impedance of the probe (x-axis: real 
part; y-axis: imaginary part). In the area of the crack (Part 1A, 
measurement series M3) clear indication can be found as 
decreasing real part and increasing imaginary part. 
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Fig. 10: Crack detection using the eddy current method; absolute probe, test 
frequency 1 MHz; significant crack indications in Part 1A, measurement 
series M3 
Alternatively, the eddy current probe can be conducted in a 
meandering over the plate. In this way an image-like 
representation of the eddy current signals were obtained with 
changes in the material properties emerging in correlation to 
their local positions.  Cracks are clearly visible in the discrete 










Fig. 11:  Comparison of areas with (left) and without defects (right) using 
multi-frequency eddy current method in a lateral scanning mode; defects like 
cracks can be visualized automatically (red coloured area) 
4.3. Main issues for a multisensoriell analysis 
Both methods operate indirectly and react to various 
changes in the sample material. It is well- known that eddy 
current probes respond to changes in material structure as well 
as to the variable distance of the probe relative to the material 
surface. In order to separate these effects, it is necessary to 
consider the signals according to their complexity. Here, multi 
sensorial and multi signal analyses haves a lot of advantages.  
For a proper evaluation of the complex signal, the raw 
signal can be rotated on the complex plane, so that a change in 
distance between probe and material surface will show in the 
real complex signal. Other effects can then be found in the 
imaginary part of the signal. This adjustment is made using a 
reference measurement. The use of an accompanying 
reference measurement or differential measurement is useful 
when external or internal influences distort an absolute 
measurement. The prepared signals can be analyzed by 
various classification methods afterwards.  
Here, features can be extracted from the signals, which 
must sufficiently correlate with the desired characteristics of 
the sample. One shortcoming of these classification methods 
in industrial applications is the need for a high expertise 
during the teach-in process of such system. On the one hand, a 
suitable set of features must be selected. A reliable 
classification is only possible if the selected features contain 
information about the defect classes. On the other, an 
overfitting of the learning set must be avoided to keep the 
classifiers ability of generalization. 
The search for an optimal set of features is performed 
automatically using a significance analysis. Furthermore, a 
cross-validation scheme is used for the determination of the 
optimal classifier parameters with respect to generalization 
ability. Compared to other classification methods, the Support 
Vector Machine algorithm (SVM) produces the best results 
for the teach-in of classes. A SVM calculates a classification 
of learning sets in high-dimensional feature spaces very 
efficiently and finds an optimal separation of the classes 
according to the "maximum margin" principle. By selecting 
an appropriate kernel function also non-linearly separable 
classes can be separated [8, 9].  
5. Conclusions 
It has been demonstrated that both investigated methods 
are suitable to get a feedback with respect to sheet thickness 
and constrictions. Both systems are limited to a determined 
level of detectability. These limits must be taken into an 
account if the system should be applied in industrial 
applications. The use of multi frequency devices can help to 
overcome drawbacks of limiting single frequency probes in a 
certain range.  
Furthermore, different materials will cause different 
responses. Therefore, it is necessary to use self-learning 
algorithms to create a well-fitting system. Algorithms of 
artificial intelligence can be used in this case. First 
investigations using Support Vector Machine algorithms 
showed a good potential. 
For many applications in the automotive industry, such as 
quality monitoring in car manufacturing it is possible to detect 
critical defects like thinning or cracks. Due to the probe 
diameter it is not sufficient for large areas as a single system. 
Both methods investigated can be used for scanning. In 
further investigations, the system will be coupled directly to 
an image processing system to decrease overall-measurement 
time per tested part. 
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